Abstract
Introduction

16
Many rivers are fed by melting snow and glaciers [Barnett et al., 2005] . Projected 17 increases in surface air temperatures over the next century will deplete seasonal and 18 longer-term storage in these basins as snowpacks melt earlier and glaciers continue 19 to retreat. Of particular concern is the earlier onset of the spring freshet and the 20 reduction of streamflow during summer when human demand for this important 21 resource peaks [Barnett et al., 2005] .
22
The annual streamflow hydrograph in snow and glacier-fed rivers is characterized 23 by low flows during winter when water is stored in the seasonal snowpack and 24 glaciers, and high flows during spring and summer when snow and glaciers melt. 
30
Several methods exist to detect changes in the timing of streamflow [Court, 1962] .
31
One method tracks the date of the annual peak flow associated with snowmelt.
32
However, this procedure is problematic in smaller watersheds where the timing of 33 the annual daily maximum discharge can be dominated by synoptic events (e.g., 34 rain-on-snow events or warm spells) rather than longer-term changes in climate.
35
The fraction of the total annual discharge occurring in a given month provides 36 another measure of changes in streamflow timing; however, this technique may mask 37 fluctuations that arise on shorter time scales (< 1 month) as well as in precipitation 38 characteristics (amount, phase, and timing) [Leith and Whitfield, 1998 ]. Another 39 approach evaluates the occurrence of the center of volume, or some other fraction, 40 runoff through time.
48
We propose a reliable technique to detect changes in the timing of runoff that 
Data and Methods
57
To demonstrate our approach we select nine rivers in western Canada (Table 1) 58 for which mean daily discharge data are taken from the Water Survey of Canada (Table 1) .
75
We standardize time series of river runoff by subtracting their mean and dividing 76 by their standard deviation, computed over the period of data availability (Table 1) .
77
In addition, daily values are aggregated to sequent 5-day means (5dQ). Monotonic data are also computed for each river [Court, 1962] . evapotranspiration. The time series is specified by a mean and a trend magnitude.
146
Similarly, a time series of the date of the onset of melt is generated using a mean and 147 trend magnitude. For each year of simulation, meltwater generation is zero prior to 148 the onset of melt. Once initiated, the melt for each day is computed as:
where M(t, y) (mm) is the melt generated on day t in year y, k m is the rate at 
Routing of meltwater is accomplished by representing the catchment as a linear 156 reservoir. Each day, the storage in the reservoir is updated by adding that day's 157 melt:
Basin daily runoff, Q(t, y) (mm), is then calculated as:
where k r (day −1 ) is a recession coefficient. The catchment storage is then updated 160 by subtracting the runoff:
where the prime denotes an update to S(t, y). In these tests, k m is set to 0.4 162 mm day −1 and k r is fixed at 0.02 day −1 . These parameters are specified by trial weaker (stronger) 5dQ trends in April and May (June and July).
177
Trends in the center of volume are also assessed for each of the three cases.
178
Reducing the volume alone by nearly 50% advances the center of volume by 9 days. 
Results
196
The 1972 River currently experiences an earlier occurrence (from 6 to 9 days) in the center of 231 volume than in the 1970s.
232
The center of volume is not a robust metric to assess streamflow timing changes. (Table 3 ). In contrast, increases of 12 and 20 mm year −1 in runoff over the same season that is marked by relatively large reductions in summer runoff in these rivers.
314
Similarly, there is a contraction of the cold hydrological season during which there 315 are increases in river discharge in most nival and glacial basins.
316
In contrast to its counterparts, summer runoff from Surprise Creek increased Creek.
330
One benefit of our proposed method consists of its applicability to detect stream- to detect the impacts of climate change on streamflow timing.
386
Assessing phase shifts in river runoff using either the day of occurrence of the snowmelt-dominated basin (Table 2) . The coordinates and identification number of gauges, mean basin elevation, gauged area, initial year and fraction of data availability, hydrological regime (P, pluvial; N, nival; G, glacial) and glacier coverage for selected rivers of western Canada. in the mean annual cycle of sequent 5-day mean river runoff for three different scenarios in a snowmelt-dominated basin (Table  2) . 
